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Abstract
Advancements in hyperspectral imaging systems, data processing, and collection meth-
ods, have allowed for comprehensive spectral assessment of terrestrial objects to assist in
a vast array of imaging problems previously deemed too complex. As the field evolves and
more research is completed, the boundaries of what is capable are constantly pushed to
new thresholds. At this junction, there exists an opportunity for the capabilities of these
new creations to exceed our ability to prove their efficiency and efficacy. One area where
this is true, is in the assessment of new hyperspectral panchromatic sharpening (HPS)
algorithms. This is due to the lack of a true multi-resolution hyperspectral data focused
on the same scene, which is needed to properly test these algorithms. Typically, the assess-
ment process awaiting a HPS algorithm starts by taking a high-resolution Hyperspectral
Image (HSI), which is then spatially degraded so that after the sharpening process, the
result can be compared to the original and analyzed for accuracy. Presentations featuring
the results of such algorithms often lead to immediate questions about quantitative assess-
ments based solely on simulated low-resolution data. To address this problem, a collection
experiment seeking to create a multi-resolution hyperspectral data set was designed and
completed in Henrietta, NY on July 24th, 2020. Imagery of 48 felt targets, ranging in
size from 5 cm to 30 cm and in six different colors, was collected in three resolutions by
the Rochester Institute of Technology (RIT) MX-1 sUAS imaging system. In addition
to a high resolution 5-band frame camera, the MX-1 utilizes a 272-band hyperspectral
line imager that features a silicon detector, 1.88cm GSD at 30m flight altitude, and is
responsive from approximately 400nm to 1000nm. To create the desired multi-resolution
imagery, three flights were performed, and images of the target scene were collected at
flight heights of 30m, 60m, and 120m. The resulting imagery possesses ratios of 2:1 and
3
4
4:1 spatial resolution relative to the lowest altitude flight. Use of this data in the evalu-
ation process of HPS algorithms ensures that the radiometric accuracy of the result and
the effectiveness of the sharpening method employed can be better ascertained through
quantitative analysis of the inputs and output after being applied to this non-simulated
multiresolution hyperspectral data set. During planning and after collection, care was
taken to rigorously document the data set, its structure, and features, as the intention
exists for the data to be used for various purposes long exceeding the extent of its im-
mediate usefulness to researchers at RIT. Additional documentation provided as ancillary
metadata describes the spectral signatures of all non-environmental materials present in
the HSI target scene, the process of creating both the targets and their layout, as well
as the collection plan, the data itself, post processing steps, and preliminary experiments
undertaken to improve end-user understanding and ease of use. This documentation also
includes an assessment surmised through understanding the flaws present within the data,
and portions of the collection plan which did not lead to the intended outcome. Because
of the efforts described in this document, there now exists a multi-resolution hyperspectral
data set of a known target scene with highly documented ground truth. This data and
report will prove useful in the assessment of HPS algorithms currently under development,
but also has the potential to assist as useful test data for various applications within the
fields of hyperspectral imaging and remote sensing.
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Chapter 1
Our Need for Multiresolution
Hyperspectral Data
1.1 Primary motivation
In January of 2020 planning began for an eventual sUAS hyperspectral collection flight
which would venture to collect multiple resolutions of hyperspectral imagery of a known
target scene. This dataset was desired and commissioned for the purpose of being used as
test data assisting in the assessment of hyperspectral panchromatic sharpening algorithms
currently under development at RIT. Multiresolution hyperspectral data focused upon
a singular scene are hard to come by, and packaged sets with sufficient groundtruth do
not exist. Even when cobbling different data sets together it is practically impossible to
match sensor specifications and deal with temporal ground-truth inconsistencies. Because
of this, researchers who develop hyperspectral panchromatic sharpening algorithms often
employ a process called Wald’s protocol for evaluation when testing their creations[1].
This often leads to immediate questions when presenting results, related to the use of the
simulated data. To combat these questions before they arise, we have ventured to collect
a multiresolution hyperspectral dataset such that no simulation of data is necessary, and
the need to use Wald’s protocol can be eliminated.
1.2 Current HPS Algorithm Evaluation process
Hyperspectral panchromatic sharpening is a process by which data with high spectral res-
olution but low spatial resolution can be combined through an algorithmic process with
additional data which possesses higher spatial resolution but lower spectral resolution to
11
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create a final product which exhibits high spectral and high spatial resolution. Modernly,
we think of this process as the combination of a low spatial resolution hyperspectral im-
age with high spatial resolution RGB or panchromatic image to produce a high spatial
resolution hyperspectral image. Because multiresolution hyperspectral data of the same
scene does not exist, often the best that is available is high spatial resolution hyperspec-
tral data with accompanying high spatial resolution RGB data of a known scene. This is
insufficient for evaluating panchromatic sharpening algorithms because it requires the use
of Wald’s protocol. When employing the protocol, researchers will take an available hy-
perspectral image, and spatially degrade it to create a new hyperspectral image possessing
lower spatial resolution. This hyperspectral image with lower spatial resolution is then
used as an input for the algorithm alongside the high resolution RGB data, after which
the algorithm produces a ‘sharpened’ higher resolution hyperspectral image. This output
is then compared back to the original hyperspectral image to determine the radiometric
reconstruction accuracy. This final step, in combination with the first, is where the issues
lie. Here presenters of data are often met with critiques regarding the simulation of the
test data. Essentially, detractors question whether a well preforming algorithm is or is not
just undoing the process of spatial degradation which creates the low spatial resolution
hyperspectral image. Researchers at RIT have created very high preforming hyperspec-
tral algorithms, but to this day are met with near immediate questions of this type when
sharing new work. Again, our primary motivation for collecting this multiresolution hy-
perspectral dataset is to eliminate the need for Wald’s protocol and curtail the inevitable
questions that follow.
Figure 1.1 shows an example of the inputs to, and output of, a panchromatic sharpening
algorithm. In this case, as these results come from an older study completed by researchers
at RIT, the inputs are a panchromatic and Multi-Spectral Image (MSI), which when
entered into the algorithm provide a sharpened MSI output, but all of the same principals
apply[2].
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Figure 1.1: A low spatial resolution MSI depicting the city of Rome, Italy
(Upper Left) and A high spatial resolution panchromatic image (Lower Left)
used as input for a panchromatic sharpening algorithms. Right: The output,
a sharpened high spatial resolution MSI.
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Name: Indian Pines Pavia University DC Mall Cooke City SHARE 2012
Type: Classification Classification Classification Target Detection Target Detection
Imager: AVIRIS ROSIS HYDICE HyMap ProspecTIR
Spectral Range: 400nm-2500nm 430nm-960nm 400nm-2500nm 450nm-2500nm 400nm-2400nm
Spectral Bands: 220 102 210 126 356
Resolution: 20m 1.3m ∼3m 3m 1m
Targets: None None None Felt/Other Targets Felt Targets
Table 1.1: Comparison of previously used and existing datasets equipment and
specifications.
1.3 Intended to be Multi-use
While the primary intent is for this dataset to be used when testing existing and newly
developed hyperspectral panchromatic sharpening algorithms, it is also expected that
the data may be useful for various applications requiring hyperspectral, RGB, or target
detection imagery of a known scene. The final package will include multi resolution hy-
perspectral imagery, RGB data, spectrometer target characterization measurements, and
classification target location masks, among other data. However, additionally included will
be a plethora of ancillary documentation information. Care was taken such that each piece
of the dataset will be documented well enough for use individually or as pieces towards
any imaging problem which may require test data.
1.4 Previously Used and Existing Datasets
Until now, when attempting to assess the performance of a new or existing hyperspectral
panchromatic sharpening algorithm, researchers would first need to acquire a set of rea-
sonable test data online. A quick search for hyperspectral data returns a large number
of datasets each with varied focus, spectral fidelity, documentation, etc.. Typically these
sets, though usable, do not possess all of the characteristics necessary to avoid the use of
Wald’s protocol in the evaluation process. Table 1.1 compares a few of the most commonly
used datasets all of which are available online.
The Indian Pines dataset was collected above agricultural areas in northwestern Indi-
ana in 1992, by a manned aircraft carrying the AVIRIS sensor. The AVIRIS sensor col-
lects 220 spectral bands from 400nm-2500nm and the dataset features uniform 20m spatial
resolution, only, across a 145 by 145-pixel scene. Though classification ground truth infor-
mation is available, there are no spectrally measured targets placed in the scene, and the
groundtruthing is limited to large area segments possessing a listed majority agricultural
product or scenescape [3] [4] [5] [6] [7].
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The Pavia University dataset was collected above Pavia University, located in Pavia
Italy. The set features 102 spectral bands collected by a manned aircraft carrying the
ROSIS sensor, which collects across a spectral range of 430nm to 960nm. Similarly to
the Indian pines set, the Pavia data does not contain placed targets, but is accompanied
by area segmented ground truth labels of majority composition. The scene is 610 square
pixels and features uniform 1.3m resolution [3] [4].
The DC Mall dataset is a 1200 by 300-pixel scene running the length of the national
mall. The DC Mall set was imaged by manned aircraft and the HYDICE sensor, which
collects 210 spectral bands spanning the spectral range from 400nm-2500nm. Again, the
set is collected in a single resolution of approximately 3m pixels, and no targets are placed
in the scene. Ground truth information by segmented area type is available, and the
ground-truth mask for the DC Mall set features far less unclassified pixels than either the
Indian Pines or Pavia University sets [4] [7].
The Cooke City dataset was collected by US-AFRL over Cooke City, MT in 2006
and designed for target detection analysis. A HyMap hyperspectral sensor was flown on
a manned aircraft which collected 126 spectral bands from 450nm to 2500nm. The set
also features uniform 3m resolution. Large felt targets and other objects such as cars are
placed within the scene and accompanied by ground truth pixel-location information. [8].
The SHARE2012 Dataset was collected by researchers from RIT in 2012 above var-
ious locations in Western New York. The main collection focused upon a recreational
park in Avon, NY. Here, hyperspectral data was collected by manned aircraft carrying a
ProspecTIR imager which collects 356 spectral bands from 400nm-2400nm. Ultimately
the main scene imaged by the hyperspectral system possessed uniform 1m resolution.
Various targets (including some felt) are present in the imagery, and ground collected
spectrometer measurements of the targets are also provided. Unfortunately, target loca-
tion groundtruthing is only provided by GPS measurements, without a classification mask,
and certain targets are obscured or not visible. Given its direct connection through RIT,
the Share 2012 dataset is in part a precursor to the multiresolution dataset [9] [10].
The remainder of this thesis is structured as follows. Chapter 2 outlines the work
that went into planning the collection experiment, target set, and layout. Chapter 3 steps
through the creation of the targets. Chapter 4 describes how the collection experiment was
executed on July 24th 2020. Chapter 5 discusses post processing of the data, issues with
projections and flight lines, and target location masks. Chapter 6 presents the spectral
characterization documentation collected for each target class. Chapter 7 presents some
initial additional uses for the data. All before Chapters 8 and 9 convey a summary, plans
for future work, and a concluding statement.
Chapter 2
Collection Planning
2.1 Required Characteristics and Desired Features
When beginning to plan for the collection flight, the first place that guidance was sought
was the previous collection experiments organized by RIT. Specifically, the documentation
which accompanied the SHARE 2012 dataset was scoured for information on target design,
and the ways in which the experiments were organized. Though ultimately very little was
directly copied from their methods, this documentation provided good direction from
which to get started.
After consulting the previous experiments, inquiries were posed to fellow research
group members who work on the algorithms themselves. They were asked if there were
any features or specifications which they would like to see present in the final dataset,
and their responses were noted. Though this at initial meeting nothing was finalized, the
dialogue provided useful guidance which led to further inquiry, and made clear that work
needed to be done towards paring down complexity. To do this we sought information
which would help guide our choices regarding four key specifications, the number of flights
desired, which flight heights and resolutions to collect, what to include in the target set,
and a design for the target scene layout.
2.2 The MX-1 System
Conveniently, the Digital Imaging and Remote Sensing Laboratory (DIRS) group within
the Center for Imaging Science (CIS) at RIT operates a small Unmanned Aerial Sys-
tem (sUAS) imaging platform with hyperspectral collection capabilities dubbed the MX-1
which can be commissioned for collection flights. Utilizing this system was the clear and
obvious choice for our work, and no further options were explored. The MX-1 consists of
16
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a DJI Matrice 600 Pro flight subsystem and a customizable sensing subsystem depending
on application. In our case we required the use of the Headwall Nano-Hyperspec (Nano)
hyperspectral line imaging system, the Allied Vision Mako G-419 (Mako) RGB frame
camera, the Micasense RedEdge-MX 5-band frame imager, and the Applanix GPS/IMU
[11]. An image of the MX-1 system as configured during our collection flight can be seen
below in Figure 2.1.
Figure 2.1: The MX-1 sUAS system on its landing pad, as configured for our
collection flights on July, 24th 2020.
The Nano collects 272 spectral bands from 400nm-1000nm in a linear array of 640 pixels
with 0.036◦ Instantaneous Field Of View (IFOV), and 1.88cm ground sampling distance
(GSD) at 30m flight altitude, while the Mako and Micasense cameras collect multispectral
images in a higher resolution than that of the Nano. Given that the Mako and Micasense
systems collect images which possess less spectral complexity, their data can be more
easily manipulated in post processing. The fact that these systems possess higher spatial
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resolution than the HSI system satisfied our needs without needing to address their true
resolution. Though we could have ventured to complete this task, resampling the data
from the RGB and 5-band camera to match the resolution of the HSI imagery will not be
a complex problem for our research team and other eventual users of this dataset. It was
felt that it was best to leave the data in its raw form for the largest range of application
opportunities. Images of all three cameras can be seen in Figure 2.2.
Figure 2.2: Left: Headwall Nano-Hyperspec, Middle: Micasense RedEdge-
MX, Right: Allied Vision Mako G-419. Not to scale.
2.3 Flight Heights and Resolutions
Having made the choice to use the MX-1 to collect our data, we began to explore the
worst resolution of hyperspectral image possible. As stated above the MX-1 has 1.88cm
GSD at 30m flight height. This detector-based limitation in combination with the federal
drone flight height limit of 120m would dictate our worst resolution, 7.51cm GSD per pixel
at 120m flight altitude. With this in mind, we adopted the reasonable conclusion that
flying the drone at 120m, 60m, and 30m above ground level would provide 3 resolutions of
imagery, with the 60m, and 30m flight altitude imagery would possess 2:1 and 4:1 spatial
resolution with respect to the lowest resolution data. The drawing and chart in Figure 2.3
can be used to better understand the relationship between the chosen flight altitudes, the
GSD that will be collected by the Nano at those altitudes, and the comparative resolution
ratios.
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Figure 2.3: The equation used to determine the Flying Altitude and GSD pairs
listed in the chart below, presented with accompanying competitive resolution
ratios. The listed values are the flying altitudes used and accompanying HSI
resolutions that were collected during the July 24, 2020, collection flights.
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2.4 Designing the Target Set
After deciding upon the flight heights and collecting in three resolutions, we still needed
to design a target-detection target set and a scene layout which would meet the needs of
our researchers. As for the targets themselves, in total, we decided to create 48-square
felt targets in three sizes. We chose to keep the number of targets under 50 to limit the
time required both during production and for scene placement. Similarly, the decision
was made to use only square targets to limit complexities in production and placement,
and because our research team was able to note that there would be little benefit not
achieved by the squares in adding other simple shapes such as circles or triangles. It
was discussed and agreed upon that the 48 square targets would provide ample detection
opportunity, sufficient at least for the purpose of testing the hyperspectral panchromatic
sharpening algorithms. Target sizes of 30cm, 15cm, and 5cm per-side were chosen for
the square targets to assist in assuring varying detectability. The intention here was that
the largest targets (30cm) would be fully resolvable even when the sUAS system was at
maximum flight height (120m) with lowest resolution. Conversely, the smallest targets
(5cm) would be subpixel in the lowest resolution imagery, while remaining resolvable in
higher resolution imagery at flight heights of 60m and 30m. Limiting our number of
colors to 6, we ultimately decided upon 5-5cm targets, 2-15cm targets, and 1-30cm target
in each color. Choosing these quantities allowed for more opportunities to detect the
smallest targets which we expect to be the hardest to locate, while still including 3 larger
targets in each class which we expected to be resolvable in each collected resolution.
In addition to the three sizes, six color classes were chosen, and were selected with the
intention that they would span the full width of the visible spectrum with the addition of
varied greens, and a dark target (black) with low total reflectance. One 5cm target in each
color can be seen below in Figure 2.4. The varied greens were included with the hope that
they would each possess varied contrast and therefore varied detectability when placed
on a grass background. This effect was ultimately achieved, and the varied detectability
was confirmed in my preliminary experimentation doing basic target detection in ENVI
(discussed below). In addition to the three green target classes, the black target class
with low total reflectance was added in response to a special request by our panchromatic
sharpening algorithm developers. The dark targets were intended to be relatively hard
to detect, as sharpening algorithms have historically struggled with dark scene elements
and shadows. As expected, these targets were the hardest to detect across all three res-
olutions of imagery collected and were essentially undetectable with a basic pixel purity
index/spectral angle mapper classification method. Some discussion was had about creat-
ing IR or UV targets with battery-powered LEDs shown downward onto a target surface,
but there was concern about how bright this might be under daytime solar illumination
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conditions. Ultimately any exploration of targets with features specifically designed for
the non-visible spectral regions was left to the future so as to not complicate the initial
project and collect.
Figure 2.4: From left to right, a Red, Dark Green, Green, Light Green, Blue,
and Black 5cm target, flanked by two reflective fiducial markers.
2.5 Layout Template
At 30m flight height, with 1.88cm GSD, and a 640-pixel detector array, the MX-1 is
able to collect hyperspectral images which are approximately 12m wide at ground level.
Because of this we ultimately decided on a 10mx24m target area to avoid necessitating any
stitching of the hyperspectral data, which has been historically difficult to achieve with
assured radiometric reconstruction accuracy. The choice to make the target area 24m long
was relatively arbitrary and could be adjusted if similar flights were to be conducted in
the future to include more or less targets or adjust the total percentage of pixels within
the scene which are expected to contain targets. Having chosen the scene size, work
then commenced to devise a system which would simplify post-collection target location
determination and to assist in ground truthing. To do this a rank-and-file nodal grid
system with 1m spacing was devised to help map the target locations and allow for quick
and easy reference across all resolutions and imagery types. Below in Figure 2.5, the
layout and grid used during the July 2020 collect can be seen with an accompanying
hyperspectral image.
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Figure 2.5: Left: 30m flight altitude HIS image depicting the target scene as
placed on July 24th, 2020. Right: A drawing of the Nodal grid layout and
target placement on the day of the collect. More information about the HSI
cutoff can be found in Section 5.2
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When placed for collection, the grid is flanked on two sides along the outer edge of the
scene by the small rectangular reflective fiducial markers like those which can be seen in
Figure 2.4. These markers are placed at 1m intervals and serve as tie points for the “grid
lines” cutting through the scene. At the intersection of any two grid lines lies a nodal
point, on which a target can be placed. This caliber of location system would not be
required if we expected all of our targets to be resolvable and easily found through visual
inspection of the processed imagery. However, since we have included some targets which
we expect to be sub-pixel in the lowest resolution imagery, the marker and grid system
proves vital, as our only way of identifying their approximate location. In Figure 2.6, a
labeled RGB mosaic shows the complete collection area on the day of the July 24th, 2020
collect.
To create this grid and place our targets in the field on the day of the collect, three
lengths of paracord were prepared, 2-11m sections, and 1-25m section. These lengths
of paracord were measured and marked in 1-meter sections by rings of colored electrical
tape, leaving .5 meters excess on either end. Each 1m segment was denoted by alternating
colors of tape, and every fifth meter with a unique third color to assist in localization when
placing the targets.
Upon arriving to the collect location two sections of paracord (1-11m, 1-25m) were
stretched perpendicularly along the axis of the intended scene, creating the initial two
sides of the grid area. At this point the fiducial markers were placed at the locations of
each tape ring, again perpendicularly, and 30cm outside of its true bounds. After this
step, the main structure of the grid has been set by the fiducial markers. Here, we are
able to move the two sections of paracord that had already been placed to the opposite
two sides of the grid, essentially creating a full rectangle between the two sides possessing
the fiducial markers and remaining two hosting the paracord. Now, the remaining 11m
section of paracord can be placed horizontally along one rank of the grid, spanning the
gap between a fiducial marker and the corresponding tape ring on the long section of
paracord. When placed, its tape lines mark the intersecting files, and thusly the nodal
points on which a target can be centralized and legally placed. After completing any one
row, the third section of paracord can be moved to a new rank and can be used to properly
place targets on that set of grid points. It was found to be helpful if the locations of the
targets being placed are marked down for future reference. After all targets are placed,
the paracord can be removed so as to not be present in the final imagery.
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Figure 2.6: An RGB mosaic depicting the full collection area, comprising the
target scene, fiducial markers, and calibration panels. The noted ROIs are
an added post processing element packaged with the dataset, on which more




To create the targets, the raw materials were purchased from craft supply stores and
online. Six colors of craft felt were acquired which would constitute the primary target
surface for each color class. Felt was chosen for the target surfaces as felt possesses
near Lambertian surface reflectance. In addition to the felt surface material, foam poster
board was purchased for use as the target cores, in addition to black paint, and hot glue.
Accompanying these materials, reflective tape was required to top the reflective fiducial
markers, and landscaping staples and pliable plastic sheets were used to create the target
holders (discussed below).
Craft felt fabric: Red, Green, Blue, Dark Green, Light Green, and Black. (From




Hot glue gun and glue sticks
1in reflective tape (for fiducial markers)
6in landscaping staples
Pliable clear plastic sheets
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3.2 Target Construction
Each target, regardless of size or color class, consists of a double layered felt on its upward
surface, which was stretched taught across a foam board core. Before cutting the cores
to the appropriate sizes each piece of foam board was painted black on the upward facing
side. Though we expect the felt surface of targets to be nearly entirely opaque, the black
paint was applied simply to limit any stray light and associated reflections that might arise
from penetration though the felt surface. After cutting the cores to size, felt squares were
cut and left slight larger than the size of the cores such that when stacking two squares
of felt, there was still enough residual material to wrap both layers around the edges of
the cores. Each square of felt cut was taken from a central piece of the bolt of felt, which
appeared to have minimal variation in color, density, or texture. As a precaution when
cutting the squares, more residual material than necessary was left, and later trimmed
after gluing the felt to the foam board cores. When gluing, it is important to note that
the glue will penetrate the felt material and change its texture and appearance. It is very
important to make sure that glue is not allowed to contact the upward facing surface. To
do this the following process for gluing each piece of felt was completed twice each for
every target, individually.
For each layer one should start with a flat a single square of felt on the table. Next,
place the foam board core in the center of the square, black paint (or first layer of felt)
downward. After aligning, apply a thin line of glue to the bottom of the target along the
underside of excess felt edge. Then, wrap the excess felt upward and over the edge before
pressing it into the foam board assuring the glue has made proper contact to affix it in
place. It is helpful to glue two opposite sides first, before the adjacent and remaining two
as their own pair. This allows for the felt to be slightly stretched before being pressed into
the glue such that the upward surface is taught and does not possess any variation due to
rippling or slack in the felt surface. At this point the excess felt can be trimmed and the
target felt layer is completed.
For the smallest targets (5cm) there was moderate concern that wind, or the uneven
nature of a natural grass surface, might cause some unwanted angling of the upward felt
surface when the targets were ultimately deployed in the field. To combat this, stake
and slot-based holding system was developed that allowed for the targets to be placed at
will while still being held steady throughout the imaging process. The holders consist of
square topped-1in wide by 6in long landscaping staples, and thin plastic sheeting, in this
case document covers. To create each holder, first cut a 3in wide strip of plastic sheeting,
then wrap this sheeting twice around one of the landscaping staples creating a tube-like
loop. It was key to assure at this point that the wrap was not too tight such that the
staple could still be easily slid in and out but would not slide on its own. Here, glue the
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outer flap of the plastic loop to hold the wrap in place, then slide the plastic upwards such
that approximately 1in of the loop is extended above the staple. Next, make two small
cuts on the edges of the extended portion of the plastic loop, parallel to the two arms of
the landscaping staple. This creates two flaps which are able to be butterflied outwards
while the staple remains in place. These flaps can now then affixed with glue, centrally, to
the bottom face of the foam board squares before any felt was applied. After affixing the
holders and allowing for the glue to dry, trim excess plastic and cut the extended portion
of each holder to approximately 1.5in in length.
3.3 Reflective Fiducial Markers
Following a similar process to that of the targets, a set of fiducial markers was also con-
structed to assist in the target layout procedure, and to help locate the targets after the
flight and image collection. These fiducial markers consist of 1in x 6in pieces of foam
board, with sticky backed reflective tape applied to the upper face. Because these markers
are also quite small, two plastic loop holders were added to the underside of each such
that both a level top surface, and directionality of the long axis can be held fixed when
placed.
In some photos you will note that plastic holders were also added to the medium
(15cm) and large size (30cm) targets. On the day of our collect, experiencing low wind,
we ultimately decided that the holders were only necessary for the small targets and
fiducial markers, and as such these were the only objects for which the stabilizing stakes
were placed. Below in Figure 3.1 you can see two process photos in different stages, and
a third of a completed target and target holder on a grass background.
Overall, the both the targets and fiducial markers preformed well and as intended in the
field during data collection. The targets were collected after the experiment, and remain
in great condition. The complete set and remaining unused materials will be provided to
the DIRS Group for possible use in future projects.
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Figure 3.1: Left: Components of a 5cm Black target yet to be glued. Center:
preparing to clue the final side of the second layer of felt on a 30cm Red target.




4.1 Location, Site Characteristics and Weather
On July 24th, 2020, all three collection flights utilizing the MX-1 were completed above
a grass field at the Henrietta Fire Department’s training facility, which is located 3 miles
south of RIT’s campus. Figure 4.1 presents a satellite image of the training center, with
a yellow box drawn over the specific area where the target scene was placed.
Upon arriving to the site, it was immediately realized that the field we intended to use
was not entirely flat as we had anticipated. There was minor topographical variation of
approximately 1m between the northern and southern corners of the field with a relatively
uniform gradient sloping downward towards the pond. We decided there that this differ-
ence was not enough to warrant not using the site. The ground within the yellow box in
Figure 4.1 was best described as uniform mowed grass, which was experiencing the effect
of a warm and dry summer. The weather report during the collection flights listed the air
temperature as 80◦F, sky conditions as ‘fair’ and wind at 0-5mph North.
4.2 Collection Flights
Earlier in the day several hours were spent watching some high-altitude clouds slowly make
their way out of the area. These clouds delayed the initiation of the flights and threatened
to cancel the operation entirely due to their potential to effect calibration accuracy across
the three flights. The accuracy of any atmospheric compensation or calibration to radiance
or reflectance has the potential to be marred by changing solar illumination conditions
due to varied cloud cover, and clear skies offer the best chance for constant illumination
conditions. Though this is especially important for our collection needs due to the three
29
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Figure 4.1: An areial image of the Henrietta Fire District Training Center,
the location of our July 24, 2020, multiresolution hyperspectral collection ex-
periment. The yellow box marks the location where the target scene was
placed.
resolutions of imagery being collected in successive flights, It was stated that the DIRS
team does not like to fly the MX-1 for any hyperspectral collection without uniform clear
skies.
Fortunately, the clouds did clear quickly enough, and our three collection flights, at
30m, 60m, and 120m flight altitude respectively, were performed at 12:57, 13:17, and 13:33.
A point was made to conduct all three flights in succession, and as rapidly as possible.
The short window between flights ensured that the variation in solar illumination over
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time would be minimized and would affect resulting varied resolutions of imagery as little
as possible. Figure 4.2 shows an image of the MX-1 in flight above the fire training center
preparing to collect images of the target scene.
4.3 Layout on the day of the Collection
On the morning of the collection, we arrived at the location early to assess the possible
placement orientations for the 10m x 24m target scene we intended to image. The location
marked in Figure 4.1 upon which the targets were eventually placed was chosen largely
because it avoided any possible interference from the surrounding trees, either through
possible shadows, or foliage in close proximity to the MX-1’s flight path.
After outlining the boundaries of the nodal grid placement system as described above
in Section 2.5, a decision was made to choose random nodes on which to place the targets
within the scene. This was a mistake. In hindsight, a randomized placement should have
been pre-made prior to arriving and that layout should have been recreated on site to
avoid any uncertainty about where the targets were ultimately placed. We assumed that
after the imagery was collected it would be easy to locate and map the target placement
through use of the grid system. Though this was relatively true, we failed to note that
this would be difficult to do in the lower resolution imagery in which we included targets
which were designed to be subpixel. Luckily, we were able to identify and cross reference
the locations of each target with the assistance of the grid system as well as the high
resolution HSI and RGB imagery. This minor inconvenience could have also been avoided
by collecting additional ground level photographs, drawings, or notes on target locations
as the targets were being placed. Below in Figure 4.3 images taken at ground level on
the day of the collection are provided. Note that the scene is also flanked by large felt
calibration panels and smaller checkered GPS/IMU calibration tiles placed around the
outside of the scene. The arrangement of the scene can be cross referenced through the
labeled RGB Mosaic above in Figure 2.6. Additionally, Figure 4.4 presents a drawing of
the target layout as placed for the collection.
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Figure 4.2: The MX-1 sUAS system in flight above the Henrietta Fire District
Training Center on July 24th, 2020.
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Figure 4.3: Ground Level RGB images of the target scene after placement as
laid out for the July 24th 2020 MX-1 collection flights.
CHAPTER 4. COLLECTION EXPERIMENT 34
Figure 4.4: The target layout applicable to all imagery collected on July 24th,
2020.
Chapter 5
Data and Post Processing
5.1 sUAS Image Calibration by DIRS
After completion of all three collection flights the DIRS team who operated the MX-1
system used their standardized workflow to process the raw data collected by the imaging,
and GPS/IMU instruments, and other systems making it more suitable for use. The Hy-
perspectral data underwent atmospheric compensation, orthorectification, and calibration
to both radiance and reflectance, while the frame camera RGB images were stitched to
create an RGB mosaic. The stitched RGB mosaic depicting the entire scene can be seen
in below Figure 5.1.
When first opening the hyperspectral data, it was rather easy to spot some of the
targets and the results of the collection looked promising. However, when looking at the
spectra of individual pixels it was immediately apparent that there was an issue with the
calibration of the initial hyperspectral reflectance images as processed. The values for
reflectance were far too low, with the maximum value for each pixel averaging around
0.15 or 15% reflectance. This was due to an erroneous calibration value entered into the
calibration equation somewhere in DIRS data grooming process. Luckily, upon pointing
out what were believed to be the incorrect reflectance values the DIRS team was able to
swiftly identify the problem and reprocess the data.
5.2 Issues with Central Flight Line Alignment
Upon receiving the recalibrated data, the first and most noticeable features were the 30cm
targets, the lines of fiducial markers spaced 1m apart, and the various calibration panels
wrapping the scene, essentially what is outlined in Figure 2.6. Regrettably, the next
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Figure 5.1: A stitched RGB mosaic made from data collected on July 24th
2020 depicting the target scene, fiducial markers, and calibration panels.
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most notable feature is the misalignment of the central flight line of the Nano. Though
we intended for the flight line to be centered on the target scene the actual flight line
was skewed significantly to the north-west of the intended center of the scene. This
misalignment eliminates a portion or all of 14 targets from the central flight line field of
view in the 30m flight altitude imagery. The misalignment was not noticed during the MX-
1 collect, and only became clear during processing. Approximately 70% of the total targets
still remain in the 30m flight altitude imagery, and all of the targets are visible in the 60m
and 120m flight altitude images. The orange line drawn through the layouts in Figure
2.5 and 4.4 marks the cutoff line for the 30m flight altitude data. Targets to the right of
the orange line constitute the list of those which were absent from the highest resolution
hyperspectral images. An inquiry was posed to DIRS staff members on whether whether
or not stitching the central flight line of the HSI would be possible. We were alerted that
though there are scripts and methods which might be able to stitch the hyperspectral
images there was likely to be issues with radiometric reconstruction accuracy. A simple
mosaic reconstruction like that which was done with the RGB data is not possible due to
the increased spectral resolution. As avoiding questions about the validity of simulated
spectral data was the entire purpose for this work, we decided to leave the exploration of
such stitching of the 30m flight altitude data to future work.
5.3 Overall assessment of the data
Objectively, this experiment did achieve its goal of collecting 3 resolutions of both hy-
perspectral and RGB imagery with the MX-1 of our known target detection scene. The
RGB data is exactly what we needed. The hyperspectral data is relatively clean, except
in the IR regions beyond 900nm (described below), but this is due to limitations of the
Nano imager. Each of the six color classes chosen are spectrally distinct and identifiable
by their spectra differing from both each other and the grass background on which they
were placed. This includes the varied green targets and low total reflectance black target,
which are as intended more difficult to identify, especially in the low-resolution imagery.
Additionally, the 5cm targets which we intended to be sub-pixel in the lowest resolution,
120m flight altitude, 7.51cm GSD imagery, were indeed subpixel. The locations of some of
these sub-pixel targets were only able to be marked in the lowest resolution imagery after
utilizing the nodal grid layout system and higher resolution imagery to cross reference
their presence. Though not all of what was intended went to plan, namely the central
flight line alignment, we are pleased to expect that the data which were collected will
suit the purposes of assisting researchers RIT in the near term. We additionally expect
that there will be countless other uses for this set as test hyperspectral data across varied
applications. Below Figure 5.2 depicts part of the 60m flight altitude HSI data which was
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converted to reflectance. Targets of all 6 color classes are visible, as are lines of reflective
fiducial markers marking the layout gridlines.
Figure 5.2: 60m flight altitude - 3.76cm GSD hyperspectral image of the target
scene shown in Figure 4.4 collected on July 24th 2020.
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5.4 ROI’s
As an accompaniment to the eventual packaged dataset containing the multiresolution HSI
and high resolution RGB data described above, Region of Interest (ROI) masks for each of
the 48 targets in each resolution of hyperspectral imagery have also been created. These
ROIs, saved as .xml files, were created within ENVI software and are intended to assist
in identification of target locations where possible. In separate files for each of the 6 color
classes, the individual targets were marked with two masks each, one which encompasses
the entirety of the on target-pixels, and a second which included both the on-target pixels
and a 1-pixel buffer. The 1-pixel buffer is intended to account for any error in assessment of
on target pixels due to human error or target-minority mixed-endmember-spectra pixels.
An example of a red target with accompanying ROI and buffer zone can be seen in Figure
5.3. It should be noted that the .xml ROI files can be edited within ENVI software, for
example, to adjust the size of the buffer masks.
Figure 5.3: Left: A 30cm red target HSI collected at 30m flight altitude.
Right: the same target with on-target-pixel ROI (yellow) and on-target plus
1-pixel-buffer ROI (orange) masks overlaid.
In cases within the lowest resolution HSI, where the 5cm targets were intentionally sub-
pixel, the locations of the targets were marked with distinct ROI masks approximating the
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true location through use of the nodal grid system. The masks drawn in these locations
are marked as a single pixel, with a two-pixel buffer. Figure 5.4 below shows an example
of these approximated location masks along with the base image and the Mosaic RGB
reference with a nodal grid drawing overlaid. Additionally, Figure 5.5 shows a single
5cm red target as imaged across each resolution of hyperspectral imagery. In the lowest
resolution the 5cm red targets are sub-pixel, but being distinctly red and also very bright,
they are still able to be located visually. Here you can see that the 5-square-pixel sub-
pixel-target-masks should indeed cover the entirety of the 5cm targets with an added buffer
region.
Figure 5.4: Top: RGB mosaic with nodal grid overlaid identifying one 30cm
Green target, and two 5cm Black targets. Lower Left: the same three targets in
the 120m flight altitude - 7.51cm GDS HSI imagery with approximate location
ROI masks overlaid on the two 5cm Black targets. Lower Right: the base
120m flight altitude - 7.51cm GSD HSI without ROIs drawn. Note that we
are unable to locate these 5cm black targets visually without the grid system
and ROIs.
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Figure 5.5: HSI of a 5cm Red target in each altitude of imagery. Left: 30m
flight altitude - 1.88cm GSD. Center: 60m flight altitude - 3.76 cm GSD. Right:
120m flight altitude - 7.51cm GSD.
5.5 Issues with map projections
When creating the ROI masks, an issue repeatedly arose where after saving the ROI,
closing ENVI software, and then reloading the program and data, the ROIs would reload
shifted slightly from their intended location. After some amount of trail and error, the
only solution found which alleviated this problem was to comment out the line containing
map projection information in the .hdr file, save the ROIs, and then un-comment the
line after saving. When re-loading the data after this process the shift in ROIs is not
experienced. This process is necessary because without reentering the line containing
the map projection information registering the three resolutions of data to one another
is impossible. Though the instance where the map projections failed to agree, causing
this shifting issue, was never directly discovered, the solution stated above is an effective
workaround. An example of the text .hdr files in question which are provided with each
HSI can be seen in below in Figure 5.6 with the line in question commented out.
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Figure 5.6: The ‘.hdr’ text file from the 30m flight altitude reflectance cali-
brated data with the map projection information line commented out, which
eliminates problems related to shifting ROI masks. This map projection in-
formation should be un-commented after saving all ROI ‘.xml’ files to ensure
other geospatial analysis features within ENVI related to map projection are
still able to be used.
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5.6 Target Scene Images
Figures 5.7 - 5.10 each present the target scene as collected on July 24th, 2020. An RGB
mosaic, and each resolution of hyperspectral imagery are displayed as 3-band representa-
tions which have been exported from ENVI software for visual resolution comparison.
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Figure 5.7: RGB Mosaic imagery of the target scene.
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Figure 5.8: Highest resolution hyperspectral imagery focused on the target
scene collected at 30m flight altitude.
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Figure 5.9: Mid Resolution hyperspectral imagery focused on the target scene
collected at 60m flight altitude.
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Figure 5.10: Lowest Resolution hyperspectral imagery focused on the target
scene collected at 120m flight altitude.
Chapter 6
Spectral Characterization of the
Targets
6.1 Calibration to Reflectance
After collecting the aerial sUAS data, and before compiling the data set, there remained the
task of spectrally characterizing the target materials, specifically the 6 color classes of felt.
To do this a plan was developed to go above and beyond base characterization of spectral
measurements from a single device and instead to compare the spectral measurements of
our targets across multiple sensors available and across laboratory and outdoor settings.
With the help of DIRS staff, spectral measurements were collected with 3 different models
of spectrometers in varied settings. These measurements were collected as part of an
independent study in spectral measurement collection, but were also desired as part of the
multiresolution collection documentation.
For each spectral measurement made, regardless of device or configuration, the fol-
lowing process towards spectral calibration to reflectance was completed either by hand,
or internally by the equipment and software. To begin each device was configured and
allowed to stabilize at proper operating temperature. Next an initial spectral measure-
ment was made of a piece of spectralon. Spectralon is a commercially available substance
commonly used for spectral calibration, which possesses a uniform surface, well-known
and documented Lambertian reflectance properties, and nearly uniform 100% reflectance
across the ultraviolet, visible, and near infrared regions of the electro-magnetic spectrum.
Following the first measurement, an additional measurement of the target sample is taken
under identical lighting conditions, or in the case of outdoor measurements as close to
the time of the initial spectralon measurement as possible, to ensure minimal variation
in illumination. After these two measurements are taken the values are placed into a
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simple equation with the target sample radiance values serving as the numerator and the
spectralon radiance values serving denominator. Typically spectrometer radiance mea-
surements obey the equation Lmeasured = Isource · ρtarget
If we assume that the intensity of the light source is unchanged, that is Isource = It=0 =




ρ, and L, symbolize reflectance and radiance respectively. The band-by-band result then
provides calibrated reflectance values for the target sample.
In the case of some examples below where the target reflectance is measured to be
above 100%, we believe this to be the fault of changing illumination conditions. This
means Isource 6= I0 6= I1...., which lowers the measurement calibration accuracy. Still, the
spectral form of these mis-calibrated measurements can hold value when compared against
others which are correctly calibrated.
6.2 Spectrometers Used
The first spectrometer used was an Analytical Spectral Devices (ASD) model and is de-
signed to be used as a field unit. The unit offers a rugged shell, permanently affixed
optical fiber, battery powered operation, and an optional field backpack, though it must
be connected to a laptop computer for use. The ASD collects 2151 spectral bands from
350nm to 2500nm allowing for visible, NIR, and SWIR measurements. Setup takes just a
few minutes, and once allowed to warm up, the versatile software allows for easy collection
set-up and execution. With the ASD, 3 types of measurements were made. First, an in-
door lab measurement was collected utilizing an optical fiber contact probe that includes
an internal illumination source. The second measurement was collected outdoors, under
cloudy solar illumination from approximately 24in with a pistol grip and 3-degree fore
optic. The third was taken with GRIT-T, RIT’s reflectance goniometer operated by the
lab of Dr. Charles Bachmann [12].
For both the indoor and outdoor measurements, the ASD was set to collect and average
30 spectral measurements of each sample per file saved, and three files were averaged to
attain our final measurements. Though multiple measurements were also averaged for
each spectral measurement taken while using GRIT-T, its construction as a goniometer
intended to measure Bidirectional Reflectance Distribution Functions (BRDF) means an
additional averaging step is required. A view of a red target sample on GRIT-T’s platform
can be viewed in Figure 6.1. The illumination source in the background of the image was
set to the same illumination angle as the sun on July 24th at 1pm.
Where the lab and outdoor measurements collect the spectrum of the target from a
single fixed position, be it from the position of the fiber within the contact probe or pistol
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grip above the sensor, the GRIT-T goniometer is programmed to take multiple spectral
measurements in a sequence, moving its spectrometer’s optical head to various observation
angles across the full hemisphere above the target. Each of these measurements carries
not only spectral information from the target, but also angular information recording the
specific position from which it was taken. The collection of different angular orientations
in relation to the target specimen in the center of the device allows for the collection
of Bi-directional Reflectance Distribution Function (BRDF) data. This data can also be
averaged to total reflectance by averaging each of the individual positional spectra, band
by band [12].
The second spectrometer, a Spectra Vista Corporation (SVC) spectrometer, is also
designed to be used as a field unit and offers battery powered wireless operation, includ-
ing onboard data storage, and an optional ergonomic sling strap. The SVC collects 988
spectral bands from 336.4nm to 2513.3nm meaning its spectral resolution is coarser than
the ASD, but still spans nearly identical regions of the electromagnetic spectrum. The
SVC additionally collects approximately 15 bands that are outside of the regions the ASD
spectrometer is capable of measuring, but all are in the tail regions of the range, where
signal to noise ratio is low and the data is largely unreliable. Both indoor and outdoor
measurements were taken with the SVC. The indoor measurements were collected utiliz-
ing a specialized SVC contact probe with remote trigger which can be seen in Figure 6.2,
while the outdoor measurements were taken with an attached 4-degree foreoptic. The
outdoor measurements suffer from the same poor illumination conditions that plague the
ASD outdoor measurements as they were taken within a 60-minute period of each other
on the same day. For both the indoor and outdoor measurements, the SVC was set to
collect and average 10 spectral measurements of each sample per file saved, and three files
were averaged to attain the final spectra.
The third and final spectrometer used was an Ocean Optics (OO) Red Tide USB 650
model, designed for lab use. The Ocean optics spectrometer is much smaller and less
expensive than the SVC or ASD spectrometers. The OO unit is typically relegated to
lab settings as it is not designed to be a field unit. The USB 650 utilizes a detachable
optical fiber and must be connected directly to a PC with accompanying software. The
Ocean Optics spectrometer is a silicon detector and has a spectral band range that is
similar to the SVC and ASD in the ultraviolet and visible regions but does not extend
nearly as far into the infrared, collecting 651 wavelength bands from 350nm to 1000nm.
In order to measure past 1000nm extremely expensive detectors which utilize detector
materials other than silicon are required. This, directly, is the reason both the SVC and
ASD spectrometers cost at least 15-times more than the OO unit, with specialized units
and add-ons increasing that multiple. For the OO measurements, the optical fiber was
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Device Type Setting(s) Spectral Range System Total Cost
Headwall Nano Hyperspec Line Imager sUAS Based 398nm-1002nm $300k
SpectraVista Corporation Fiber & Foreoptic Lab & Outdoor 336nm-2513nm $35k
Advanced Spectral Devices Fiber & Foreoptic Lab & Outdoor 350nm-2500nm $60k
Ocean Optics Fiber Lab 350nm-1000nm $1,600
GRIT-T BRDF, foreoptic Lab 350nm-2500nm $150k+
Table 6.1: Spectrometers used, specifications, and estimated cost.
attached and pointed towards the center of the sample stage at a height of about 7cm
and was angled at 60 degrees with respect to the table. This fiber in conjunction with a
tungsten bulb placed directly above the sample and pointing downward allows for both
spectralon and target measurements to be collected and for reflectance calibration values
to be derived. Figure 6.3 shows the OO unit and the setup as described.
After being collected, all measurements taken by the spectrometers were compared
both to each other and to the Headwall Nano Hyperspec (Nano) measurements taken
during the original UAS HSI collect completed on July 24th 2020. For reasonable com-
parison, a subset of regions approximately 50 pixels in size from the center of each class of
colored target collected at 30m flight altitude were selected. The averages of the spectral
signatures of these pixels within each subset region were then exported for analysis. Table
6.1 provides a table offering details on the type, specifications, and estimated cost of each
of the units described.
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Figure 6.1: A 30cm Red target atop GRITT’s imaging platform prior to being
measured by one of GRITT’s two ASD spectrometers. The BRDF spectral
data collected at 20-degree intervals would eventually be averaged to attain
values of spectral reflectance for each target class.
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Figure 6.2: The SVC spectrometer configured for hand probe surface mea-
surements, prepared to measure the spectra from 5cm red felt target.
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Figure 6.3: The Ocean Optics spectrometer, optical fiber, and tungsten bulb
oriented as described above, preparing to record the spectra of a spectralon
puck.
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6.3 Target Characterization Measurement Results
Figures 6.4 - 6.9 show each of the reflectance spectra collected by the different spectrom-
eters in their labeled locations and configurations, plotted against wavelength, and listed
by color of the target sample. When first viewing the data, apart from some magnitude
differences, the shape of the spectrum for each of the classes of colored targets is similar
across each spectrometer and collection method. This is what we would expect and con-
firms that each of the reflectance calibration measurements and plotting across different
wavelength scales was completed correctly. Due to the more limited wavelength ranges of
the Ocean Optics and Hyperspec Nano, an area of focus was applied to all plots spanning
the region from 400nm to 1000nm.
Figure 6.4: Spectral signatures of the Red target class. Here, ASD, SVC,
and OO spectrometer measurements are compared against one another and
alongside an average of Center of Target (CoT) pixels from the 30m flight
altitude Nano HSI.
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Figure 6.5: Spectral signatures of the Green target class. Here, ASD, SVC,
and OO spectrometer measurements are compared against one another and
alongside an average of Center of Target (CoT) pixels from the 30m flight
altitude Nano HSI.
Exploring the spectral features, it is immediately apparent that the Red target has a
clear color defining peak between 665nm-668nm, the Green has the same between 512nm-
515nm, the Blue between 464nm-470nm, the Light Green between 525nm-530nm, and
the Dark Green between 513nm-518nm, while the black target features uniformly low
reflectance values across the entire spectrum showcasing its darkness. If not labeled it
would be clear from the full spectral reflectance plots alone what color these samples
appear to be. This is the case with every measurement taken. The Nano data exhibits
considerably more noise than the rest of the spectrometers which is expected as a casualty
of the inherent variability of UAS aerial imagery, the age of the system, and the single-
measurement-per-pixel nature of push broom imaging systems (i.e., low integration times
causing lower SNR).
The variation in magnitude between the measurements is likely due to different il-
lumination conditions and states of internal calibration across the spectrometers. Any
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Figure 6.6: Spectral signatures of the Blue target class. Here, ASD, SVC,
and OO spectrometer measurements are compared against one another and
alongside an average of Center of Target (CoT) pixels from the 30m flight
altitude Nano HSI.
change in illumination over time has the potential to cause variation when calibrating to
reflectance with a spectralon measurement, as the method assumes the amount of pho-
tons incident on the targets is constant. Separately, it was noted by our lab managers
that all of the ASD and SVC spectrometer measurements were taken with equipment
due or overdue for yearly recalibration and service. Still, some of the variations are on
the order of 25% off from the average reflectance in the region, which is very significant.
This finding suggests that any spectrometer taken off the shelf and employed in a specific
experiment may record reflectance measurements that differ from another unit complet-
ing the same process, even when that measurement is of an object with well documented
spectral properties. This could be because of unit calibration and wear differences, digital
count error, changing illumination conditions or any one of the numerous other factors
that inherently affect each and every measurement. One specific set of features exhibited
consistently by the data which was investigated further are the small, localized, positive
fluctuations in the data around 762 nm that are only present in the outdoor SVC and
ASD measurements. These bumps are most visible in the data with larger reflectance
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Figure 6.7: Spectral signatures of the Light Green target class. Here, ASD,
SVC, and OO spectrometer measurements are compared against one another
and alongside an average of Center of Target (CoT) pixels from the 30m flight
altitude Nano HSI.
values around 762nm and can be seen clearly in the outdoor SVC and ASD measurements
of the Red and Light Green targets. These features can be viewed on zoomed in plots in
Figure 6.10 and 6.11. These features are likely the result of known spectral absorption
due to notable concentrations of dioxygen present in earth’s atmosphere. It is very likely
that these features would be discernible in the Nano data as well if the signals were less
noisy, and additionally due to the SVC spectrometer being used for portion of the Nano
data’s reflectance calibration. Dual spectrometer reflectance measurements often feature
small ‘spurs’ like the ones present in the outdoor SVC and ASD data, due to small shifts
in wavelength band calibration between the spectrometers. However, in the case of the
SVC and ASD outdoor measurements, only one spectrometer was used for calibration and
collection in either case. Therefore, it is most likely that the features seen are caused by
variation in the solar illumination conditions between the time of the calibration mea-
surement and the sample measurement. This is a common limiting factor during outdoor
spectral measurements, especially during periods of poor illumination conditions, and is
the main reason multi-spectrometer collection methods have been developed[13].
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Figure 6.8: Spectral signatures of the Dark Green target class. Here, ASD,
SVC, and OO spectrometer measurements are compared against one another
and alongside an average of Center of Target (CoT) pixels from the 30m flight
altitude Nano HSI.
Another notable spectral feature was the apparent wavelength specific deviation of the
Blue Target Nano measurement from that of all the others collected. Between 700nm
and 800nm the Nano measurement clearly overestimates the Blue target reflectance by
an amount that increases towards the center of this region and is above 50% larger at
its maximum difference. A zoomed in plot of this feature can be seen in Figure 6.12. A
similar feature is present in the plot of the Black target in Figure 6.13, but in this case the
effect extends from 700nm to 950nm, where the reflectance is similarly overestimated in
the region between 700nm and 800nm but is equally underestimated beyond 800nm. The
most likely explanation for these features is a miscalibration of the aging Nano Hyperspec
system. While the SVC unit is used in the calibration of the Nano data, the very same
unit was used to collect the indoor and outdoor SVC measurements in this study without
expressing deviation in this region. The lack of this feature being present in those mea-
surements implies that any miscalibration which could be causing this effect is unlikely to
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Figure 6.9: Spectral signatures of the Black target class. Here, ASD, SVC,
and OO spectrometer measurements are compared against one another and
alongside an average of Center of Target (CoT) pixels from the 30m flight
altitude Nano HSI.
be the fault of the SVC. With this data alone we cannot point to the specific issue, but
this result will be shared with the DIRS UAS team for further exploration.
With the multi-resolution collection experiment in mind, the ability of other spectrom-
eters and collected spectral signatures to mimic the readout of the UAS HSI data (Nano)
was of particular interest. The question arose, if you were presented with the unlabeled
Nano data and labeled spectrometer data for comparison, would the different colors of
targets be distinguishable? All comparison plots mentioned throughout the remainder of
this section are provided in Figures 6.14 - 6.16.
To answer this, first, the three ASD spectrometer measurements were taken and plot-
ted with the nano data directly over top. Though at this stage the colors of the signals
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Figure 6.10: Spectral signatures of the Red target class centered around
762nm.
would be distinguishable with the full extent of any one of the three sets of ASD mea-
surements, certain variations from the Nano persist, which are most visible in the Light
Green, Green and Red target measurements. To attempt to alleviate the variations, I
decided to average the three ASD measurements, and when compared to the Nano the
result is very impressive. Though it is likely just a lucky three signal average, the averaged
spectra track with the Nano spectra throughout the full range, with the largest variations
coming from the blue channel within the 700nm- 800nm region that was noted as likely
in need of recalibration, above. Though distinguishing the different targets would be very
difficult beyond 900nm due to the noise experienced by the Nano, utilizing only a selection
of bands from 450nm-600nm, it is easy to see that with just a few bands, measurements
coming from the Nano could be sorted into their respective color classes with ease. This
proves in theory, the validity of ongoing efforts aimed towards lowering the number of
bands within hyperspectral imaging systems designed to perform specific tasks, to reduce
costs and increase industry and task-specific use.
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Figure 6.11: Spectral signatures of the Light Green target class centered
around 762nm.
Figure 6.12: Spectral signatures of the Blue target class centered around
750nm.
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Figure 6.13: Spectral signatures of the Black target class centered around
850nm.
Figure 6.14: Spectral signatures of the average of the ASD target spectral
measurements with Nano data overlaid.
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Figure 6.15: Spectral signatures of both the individual and averaged ASD
target spectral measurements with Nano data overlaid.
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Figure 6.16: Spectral signatures of the average of the ASD target spectral mea-
surements with Nano data overlaid segmented to the region spanning 450nm-
650nm.
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6.4 Error of Spectral Characterization Measurements
Each of the spectrometers used exhibits very low error across multiple measurements when
spectra are collected and averaged as described above. To provide an example, the Mean
Square Error (MSE) of the Red target class was calculated across 10 successive spectral
measurements, taken with the ASD spectrometer in the lab setting and is displayed in
Figures 6.17 and 6.18. Here you can see that even for the highly specular red target class,
the MSE is below 5 percent across the entire wavelength range.
Figure 6.17: An average of 10 spectral measurements of the Red target class
as collected by the ASD spectrometer in the lab plotted alongside the average
±1 MSE.
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Figure 6.18: A plot of the Red target class MSE versus wavelength as calcu-
lated from 10 spectral measurements collected with the ASD spectometer in
the lab.
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6.5 GRIT-T BRDF Measurements
The original BRDF data, showing 20 degree angular positional reflectance as collected by
GRIT-T, was also processed into graphical representations which display reflectance factor
measurements. Though GRIT-T was the only system capable of collecting such measure-
ments, and therefore no comparison to other data can be made, it remains interesting to
look at the reflectance factor results in order to determine if assumptions made about the
materials used and respective their reflective properties are as correct as would like to be
believed. Typically felt is chosen as a material for target detection targets because of its
low cost, uniform opaque structure when layered, and because it is believed to exhibit
Lambertian reflectance properties. This means all light incident on and reflected from the
surface of the target is believed to be distributed equally across the hemisphere oriented
upward from the target face. Luckily, so as to not invalidate a large amount of research
predicated on this idea, this is largely what was seen across all of the color classes of felt
and across different wavelengths. A few examples of these plots can be seen in Figures
6.19 - 6.23. Though it may look as though there is a large component of backscattering
experienced by the targets, the variation is approximately 5% even for the most reflective
targets and can likely be discarded as a casualty of multiple-scattered reflections which
return to the detector due the random fibrous structure of the felt. This is similar to
the effect experienced when imaging tree canopies with varied directional microfaceted
surfaces created by individual leaves [14].
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Figure 6.19: Black target BRDF Reflectance Factor plot at 500nm.
Figure 6.20: Blue target BRDF Reflectance Factor plot at 800nm.
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Figure 6.21: Light Green Target BRDF Reflectance Factor plot at 500nm.
Figure 6.22: Red target BRDF Reflectance Factor plot at 650nm.
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Figure 6.23: Dark Green target BRDF Reflectance Factor plot at 650nm.
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6.6 Spectra of Reflective Markers
While collecting the measurements of the felt targets with each of the spectrometer set-
ups, the spectral signature of a reflective tape plaque was also measured. This tape
was the same that was used to produce the fiducial markers used in the multiresolution
hyperspectral collection. The tape comes as a 1in wide roll, with adhesive backing and
was commercially marketed as highly reflective. To image its spectral signature, a 6x6
placard was made with 6 parallel strips of reflective tape on a foam board backing. The
strips were adhered such that the entire upward facing surface was end-to-end covered by
the reflective tape with no gaps in between. Figure 6.24 shows an image of the placard’s
surface, while Figure 6.25 shows the spectra collected by the various spectrometers.
Figure 6.24: Detail on the reflective tapes surface. Here the 6x6 placard was
imaged with flash from a cellphone camera.
Overall, the tape exhibits relatively uniform reflectance values hovering around 30%
spanning the entire region from 400nm to 1000nm. Slight higher reflectance values are
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Figure 6.25: Spectral signatures of the Reflective Tape Placard.
experienced across the ultraviolet end of the wavelength range with lower values towards
the infrared. You will note in Figure 6.25 that the indoor ASD measurement presents
the reflectance values for the reflective tape which are significantly higher than the other
measurements. We believe this may have been due to the connection between the ASD’s
optical fiber hand probe and the reflective tape placard’s slick surface. When using the
probe to measure the spectralon calibration surface or any of the felt targets, a small
amount of light from the internal illumination source escaped the outer edge of the probe
where the coarse surface of the target met the surface-contacting rubber gasket on the
end of the instrument. This was explained to me as being a normal occurrence. However,
when placing the probe on the reflective tape placard, much less light escaped. This
additional light which does not escape may account for the discrepancy when compared
to the other spectrometer measurements of the tape which do not use the same gasket.
Though further measurements could confirm or deny this suspicion, there is novelty within
this discrepancy in that it proves the idea once again that any spectrometer taken off the
shelf to preform spectral measurements may return different values than another unit for
any number of various reasons. It is important to understand that this inherent variability
exists, even though there may be opportunities to aid or massage individual procedural
or equipment-based flaws when identified.
Just like the felt targets, the reflective tape placard was imaged by GRITT and its
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BRDF was recorded and presented in the same fashion as the BRDF plots above. Unlike
the other targets the reflective tape exhibits a very large component of forward reflectance.
This is expected as the tape was intentionally chosen to be highly reflective, however, as
you can see below in Figure 6.26, the component of reflectance is nearly 150%.
Figure 6.26: Reflective Tape Placard BRDF Reflectance Factor plot at 500nm.
Initially we deemed this an impossibility and some sort of calibration error, however
after discussing our finding with the GRITT research team another possible factor was
identified. Because the spectralon material used in spectral reflectance calibration is de-
signed to be entirely Lambertian, it is suited to be used as calibration material for assessing
the reflectance of approximately Lambertian objects. The reflective tape is not Lamber-
tian and instead is highly directionally reflective. Where a flat Lambertian surface reflects
light uniformly across an entire hemisphere, the reflective tape directs photons which con-
tact its surface towards a centralized point like a mirror. This property of the tape is
meant to increase reflectivity. Unfortunately, this mismatch in reflective properties limits
our ability to properly calibrate for directional reflectance. In order to properly record the
BRDF of the tape placard the spectralon used in the calibration process would need to
be replaced with a material which shares the spectralon’s uniform high reflectivity across
the ultraviolet, visible, and infrared regions, but is also highly directionally reflective.
Though we do not intend to package any BRDF measurements with the multiresolution
dataset, they do provide additional understanding towards the true spectral properties of
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the materials used. Ultimately, what will be included in the dataset are the spectral
measurements recorded by each spectrometer in each setting, for both each target color
class and the fiducial markers, including the hemispherically averaged GRIT-T spectra.
Users of our dataset should find these spectra helpful when preforming standard remote
sensing tasks such as target detection, spectral unmixing or others. Notably, the collected
spectrometer collected data has already been useful to researchers at RIT as reference
spectral information for data simulations. As with the hyperspectral and RGB data, we
expect there to be numerous other possible uses.
Chapter 7
Examples of Other Uses of the
Dataset
7.1 LIDAR data
Almost immediatly after collecting the multiresolution hyperspectral dataset, opportuni-
ties arose to explore the potential uses of the data when not applied to the context of
panchromatic sharpening. When testing new software or applying new techniques, it was
great to have a dataset to open in which there was some familiarity with its features,
like the target scene, orientation, and setting. Because of the multiresolution datasets
extensive documentation, when chosen as test data, the enduser is able to immediately
start thinking more directly about the potential of the new tool or process while elimi-
nating questions off what is being looked at. This went as far as to include things like
LIDAR data, which was not requested in our collection commission, but which the MX-1
collects simultaneously alongside hyperspectral data. The LIDAR system affixed to the
MX-1 collects multiple returns and is perfect for showing changes in elevation and the
three dimensional structure possessed by the landscape of the experimental site. Here you
can see clearly the minor approximately 1m change in elevation across the site. A LIDAR
rendering of the Henrietta district fire training center can be seen in Figure 7.1. This
image was created while exploring various point-cloud rendering software offerings in a
course titled, Advanced Environmental Applications of Remote Sensing (AEARS).
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Figure 7.1: LIDAR point cloud renderings of the grass field upon which our
multiresolution hyperspectral dataset was collected at the Henrietta fire dis-
trict training center. This LIDAR data was collected by the MX-1 during the
collection flights on July 24th 2020, and as such two calibration panels can be
partially seen as placed, in the lower image. During the collection, the targets
were placed upon the ground which is seen as the upper left side of the upper
image, and the center of the lower image.
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7.2 Use in assessing target classification processes in ENVI
The data proved useful at multiple points while taking AEARS, including when completing
my final project. For the project, hyperspectral data from the mulitresolution collection
was loaded into ENVI software and an attempt was made to assess the utility of commonly
used pixel identification and mapping methods. ENVI is the name of an image processing
program which is commonly used to preform remote sensing image analysis. Specifically to
complete the final project, work was done to explore whether or not there was a difference
between using scene derived (SD) and lab collected (LC) endmembers when mimicking the
Spectral Hourglass Wizard (SHW), Pixel Purity Index (PPI) to Spectral Angle Mapper
(SAM) workflow.
Endmembers are unique designated spectra which are found to be ideally representative
of the characteristic spectral features possessed by materials contained within an image.
Typically varying the methods which identify and select endmemebrs will effect the final
results. Principally this experiment aimed to explore how varied methods for designating
endmembers effects the the SHW’s ability to identify the felt targets of the multiresolution
set. To complete this work, the 30m and 60m flight altitude hyperspectral data was used,
as were the lab collected target spectral characterization measurements from the SVC
spectrometer. The remainder of this section summarizes the methods and results of that
experiment.
To determine the abilities of SD and LC endmembers to perform target classification,
a standard pixel-by-pixel classification processing workflow was employed before a qual-
itative assessment of detection was determined on an individual target basis. The raw
reflectance Nano hyperspectral data for each of the 30m and 60m flight altitude data first
had a Minimum Noise Fraction Transform (MNF) applied. The MNF reduces and com-
partmentalizes components of noise present within the hyperspectral images, and after
application of the transform, the magnitude of the eigenvalues of each MNF band can be
plotted. The benefit of utilizing the MNF is that after the transform is applied, a plot of
the eigenvalues of each band can be created to assist in reduction of the dimensionality of
the data. Through this process, the data will still possess nearly all of the variation origi-
nally expressed in the image, but with a number of bands far less than the total, assisting
in lowering the processing burden when completing the subsequent steps. In both cases
the dimensionality of our two hyperspectral images was reduced to just 18 bands after this
process[15].
Next having already obtained the SVC lab-based target spectra measurements, a pro-
cess called the Pixel Purity Index (PPI) was employed to derive two sets of endmembers
directly from both the 30m and 60m flight altitude hyperspectral imagery. The PPI pro-
cess consists of projecting the spectra of pixels present within the hyperspectral imagery
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in N-dimensional space through a set number of repeated iterations. After each iteration,
pixels determined to be outliers when compared to the rest are cataloged, and pixels which
are repeatedly determined to be outliers beyond a set P-value threshold are classified as
pure endmember spectra. This list of determined pure endmember spectra was then culled
to represent the pure pixels closest to the target class spectra as collected by the SVC. For
this report 5000 iterations were performed with a P-value of 2.5 required for pure pixel
designation[16]. The final spectra used for both LC and SD endmembers can be seen in
Figures 7.2 and 7.3.
Figure 7.2: Lab Collected end members taken from the set of SVC spectrom-
eter felt target characterization data.
While the LC endmember spectra are smooth and well defined, both sets of SD end-
member spectra exhibit a significant amount of noise and variability due to limitations of
the Nano system and fixed platform aerial imaging. Because of these increased compo-
nents of noise apparent in every pixel within both scenes, the PPI process struggled to
identify certain classes of target endmember spectra. Though bright pixels like that of the
Red and Light Green classes were easily found, the PPI struggled to identify the endmem-
ber spectra of the darker target classes. In neither image did the PPI appear to be able
to differentiate between dark grass present in the background of the scene and the Dark
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Figure 7.3: Scene derived endmembers found after applying the PPI process
to the 30m flight altitude hyperspectral data. Note that the PPI was not able
to delineate a black target class.
Green target class, similarly in neither image was a black pixel even able to be identified.
This result is a common experience when utilizing the PPI process which struggles when
tasked with identifying low reflectance value target pixels as unique spectra, due to the
way in which it selects outliers from the projection iterations.
After completing the MNF transform and deriving endmembers from the scene, the
data were ready to be classified with the SAM. In total four SAM classifications were
performed, one each for the 30m and 60m flight altitude imagery, utilizing both the SD
and LC endmember spectra. The SAM process similarly projects the spectra of each pixel
in the image to n-dimensional space, but instead of looking for outliers, it determines a
level of angular similarity to the provided target endmember spectra. If the projection of
any individual pixel spectra is determined to fall within a set angular range in relation to
a provided endmembers spectral signature, or closest to that endmember in the case of
multiple matches, that pixel will be classified as containing that endmember[17]. For each
of the four combinations of data explored in this report, the SAM threshold angle was set
to a value of .25 radians.
After completing the SAM classification, each of the 48 targets was evaluated on an
individual basis to determine the detection result, and statistics were computed to assess
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class accuracy and overall accuracy across each of the two hyperspectral images. As can
be visualized in Figure 7.4, targets on which a large majority of the central pixels were
classified were described as “detected”, targets on which only a few pixels were properly
classified were described as “partially detected”, and targets which did not have any pixels
classified were described as not detected. In cases where certain targets were excluded from
the 30m flight altitude hyperspectral data, they were not included in the statistics.
Figure 7.4: A red target determined to be detected by the classification algo-
rithm due to a majority of on target pixels being properly classified. Right:
A blue target determined to be partially detected due to less than half of on
target pixels being properly classified.
For clarity, thoughout the remainder of this section, any target referred to as detected
has in fact been both detected and classified. The results stemming from each SAM
classification can be seen in Figure 7.5. Listed are each combination of resolution and
endmember collection type, the results for each target, notes, and accuracy statistics.
The statistical results were computed as overall accuracy and not users’ and producers’
accuracies due to a large number of unclassified pixels after application of the SAM.
Though it was possible to increase the SAM maximum angle to classify more on target
pixels in each detected class, increasing the maximum angle to a value larger than the .25
radians chosen risked ‘greenwashing’ the scene or classifying all grass background, Green,
Dark Green, and Light Green pixels as a singular green pixel class due to their inherent
similarity. The level of .25 radians, as well as this method of reporting results, were chosen
because they still allow for differentiation between the three classes of green targets and
the background, where increasing the SAM maximum angle to a level when users’ and
producers’ accuracies would be viable, would not allow for such differentiation.
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Figure 7.5: The classification detection results and class-based accuracy statis-
tics for each combination of data and endmember collection method. Note:
Not Det = ‘Not detected’, MC = ‘misclassified’, PMC = ‘partial detection
and misclassified’, N/A = target not present in 30m scene. L = 30cm target,
M = 15cm target, S = 5cm target.
The results show a clear ability of the SAM to detect and classify the brightest, Red
and Light Green target classes regardless of which scene or endmember selection method
is used. The one exception to this comes from the Light Green class in the 60m SD
result. Here the Light Green targets were misclassified across the board as Green targets,
giving an overall accuracy of zero for the class. This occurrence is very clearly due to
the similarity between the Light Green and Green 60m-SD endmember spectra and the
increased components of noise present in the Nano. The lab collected spectra have no such
problem. This occurrence of misclassification owed to the use of scene derived endmembers
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is the only one of its kind present in the results and speak to the ability of lab collected
spectra to be more precise in identifying targets with known and well-defined spectral
signatures.
Conversely to the successes of the two most reflective target classes, the darkest two
target classes, Black and Dark Green, experienced dismal results across the board. Though
we could not reasonably expect the SD classification results to identify any Black targets
due to the absence of Black endmembers being supplied by the PPI, even when supplied
with the lab collected spectra, all of the Black class targets failed to be classified by the
SAM. Similarly to the PPI, the SAM struggles as many other image processing algorithms
do, to work efficiently with low reflectance values regardless of which endmembers are
supplied. Still, utilizing the LC endmember spectra, two Dark Green targets were able to
be partially detected in the 30m scene. Both of these partial detections came on the larger
size targets within the class and are likely due to the direct benefit of the accuracy provided
by the SVC in collecting the LC spectra, as well as the high spatial resolution of the 30m
altitude imagery. Where the data start to tell less of a one-sided story is through the Green
and Blue target classes, which possess mid-level reflectance values comparatively. In the
case of both the Green and Blue classes the 30m flight altitude data provides significantly
better detection statistics than the lower spatial resolution hyperspectral data. This result
does not hold however, if you limit the statistics to not include partial detection. Partial
detection can be noteworthy, but the lack of the SAM’s ability to identify adjacent on-
target pixels when one has been properly identified is a concern, especially because of
the inherent variability of the Nano data due to noise. The number of adjacent pixels
on-target which are ultimately classified can be adjusted by changing the SAM maximum
angle value, but this again risks limiting precision by removing the model’s ability to
differentiate between different shades of the same color and specifically in regard to this
report the green target color classes.
The results of the classification workflow described above when applied to the mul-
tiresolution hyperspectral data set seem to suggest that the benefits of utilizing SD or
LC collected end members to perform spectral angle-based endmember spectra target
classification is spatial-resolution specific. In the 30m flight altitude classification, SD
endmembers turned in a better performance, while for the 60m flight altitude imagery,
it was the LC spectra which provided the best performance. Because of the resolution
difference between the images, there will be more pixel mixing across the lower resolu-
tion imagery. The SAM is generally not responsive to sub-pixel targets which may have
contributed to results seen. Had another algorithim been used instead of the SAM, one
which addresses sub-pixel targets, or pixel-background mixing, better results may have
been possible.
Though this was just a simple experiment, and such a conclusion would obviously
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warrant much more robust investigation to approach the level of a viable claim, the utility
of the dataset for use in various situations not related to hyperspectral panchromatic
sharpening is clear. Even though the multiresolution dataset was not specifically designed
for, or perfectly suited for this task, it was able to be used effectively, all while keeping
the well documented specifications and limitations in mind.
7.3 Use as stand in NDVI data for GIS Greenhouse BIM
project
In a separate endeavor, spectral signatures from grass present within the 30m flight al-
titude hyperspectral images was also able to be used as part of a proof-of-concept for a
Geographic Information Science and Technology (GIS) project. As part of the project,
a system was developed for constructing and reporting on three-dimensional Greenhouse
Building Information Models (BIM) with theoretical remotely sensed plant beds. A BIM
is a digital model which is created to purvey information related to a building, and its
physical characteristics and key operational features. The BIM created for this project was
designed to suit the hypothetical situation of a greenhouse being outfitted to be imaged
daily by a robotic imaging system which would collect the results to give intermediate
snapshots of greenhouse growth conditions and plant progress. Spectral signatures from
30 ROI’s containing 10-pixel-plots of grass taken from within the 30m flight altitude HSI
were selected, and their averaged spectra were exported as a .csv file for integration into
GIS software. These spectra were associated via table join with one of 30 plant beds
placed within a Greenhouse BIM which was created utilizing measurements from an ac-
tual greenhouse located on a local farm. Figure 7.6 shows the 3-d model alongside an
image taken inside the actual greenhouse.
Within ArcGIS Pro, python code was written which took the 30 exported spectral data
points joined to the 3-d model, created a new shapefile data column, and evaluated an
Normalized Difference Vegitation Index (NDVI) statistic for each. NDVI is a commonly
used spectral index which is an easy to used indicator of photosynthetic health. The index
can be can be calculated for any imaged object by taking reflectance values for Red and
Near Infra-Red (NIR) wavelength bands, and evaluating a ratio of their difference and





Following the creation of this statistic the NDVI of each bed was able to be visualized
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Figure 7.6: Left: 3-d model of the greenhouse complete with plant beds, vent,
and door. Right: Photo from inside of the actual greenhouse showing the
same vantage point.
with a gradient color symbology so as to show perceived health of each plant bed. The
resulting template report which was created to show that GIS can indeed be used to report
spectral data within a greenhouse BIM can be seen in Figure 7.7.
After saving the template report, new spectral data can be entered and displayed with
ease. In the pseudo-scenario as proposed, remotely sensed spectral data would be collected
and entered into this template daily, after which the farmer would review the report and
address any potential issues on an informed basis. A next step for this type of project
would be to use lidar systems to map the interior space of the greenhouse, utilizing the
spatial features recorded by the point cloud to generate the physical the structure of the
BIM. This work provides another example of how the multiresolution dataset can be used
as surrogate data for a wide range of projects and situations not at all related to the
reasons for it being commissioned.
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Figure 7.7: A template report relaying daily NDVI reporting for a theoreti-
cal greenhouse. The three-dimensional BIM at the top of the report uses a
gradient symbology to visually represent plant bed health.
Chapter 8
Summary and Future Work
8.1 Summary
In order to eliminate the use of Wald’s protocol as part of the workflow employed by
panchromatic sharpening algorithm researchers at RIT, a unique new multiresolution hy-
perspectral target detection dataset was collected on July 24th 2020. With the help of
DIRS group staff and the MX-1 sUAS platform, three resolutions of hyperspectral imagery
were collected at 1.88cm, 3.76cm and 7.51cm GSD. The hyperspectral data is accompanied
by RGB imagery and extensive ground truth information which documents the specially
designed target set and scene that is the focus of the dataset. The target set contains
48 square felt targets which come in six color classes and three sizes to allow for varying
detectability. Because of this varying detectability a nodal grid target placement and lo-
cation system was developed and ROI’s masks were created which provide accurate target
location information. Additionally, similarly to the SHARE2012 dataset previously col-
lected by RIT, spectral signatures of each target class were recorded and entered as part
of the ground truth documentation. The new dataset offers researchers at RIT working
on panchromatic sharpening algorithms a way to directly avoid critiques on the accuracy
of their results due to the use of Wald’s protocol, but we also expect that this dataset can
and will be used for any number of other possible applications as surrogate or test data,
and a few examples of this have been shown. Overall, the collection of the dataset was
a success and we look forward to its use by RIT researchers and others in the scientific
community.
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8.2 Online presentation of the Data
The RIT DIRS lab has a long history of providing well ground-truthed datasets to the
community, we intend to do the same with the multiresolution dataset. As soon as pos-
sible, the data set will be packaged and placed online for free download though RIT. In
its original iteration the dataset will contain the three resolutions of hyperspectral data
collected by the Nano, the RGB data and mosaic collected by the Micasense camera, the
lab collected target spectral characterization measurements from the ASD spectrometer,
ROI masks, as well as all accompanying documentation describing the targets, the target
layout, the equipment, the collection processes, and the data itself.
8.3 Stitching Hyperspectral flight lines
As stated above, due to flight line misalignment, 13 of our 48 targets were not visible
in the central flight line of the 30m flight altitude hyperspectral data. These targets are
instead visible in the second flight line of data collected by the Nano line imaging sys-
tem. Ideally, we would like attempt to stitch the first and second flight lines of 30m flight
altitude hyperspectral data to circumvent shortcomings related to the central flight line
misalignment. If stitching were able to be successfully performed, we would hope to re-
cover the missing 13 targets and add the new stitched HSI to the dataset. This new image
would be accompanied by the caveat that there may be some radiometric inaccuracies in
and around the area of the stitching. Unfortunately, such radiometric inaccuracy is un-
avoidable when stitching two HSI files due to the algorithmic processes which matches one
scene to another and reconciles edge discrepancies. Because of this possible radiometric
reconstruction error, we must acknowledge that if used by our hyperspectral panchromatic
sharpening researchers, they run the risk of running into similar questions which neces-
sitated this work. However, this is a real-world issue when using line scanning imaging
systems with limited cross track FOV and is an active area of research.
8.4 Issues with Headwall Camera System
Recently, it has been acknowledged within the DIRS group at RIT that the Headwall
hyperspectral imaging system may require procedural adjustments or component upgrades
to produce higher quality data. The extent to which previously collected data exhibits
additional noise and procedurally incurred uncertainty is currently being explored and
potential remedies are already undergoing development. It has been noted within the
group that the data collected for our multiresolution dataset does contain a component of
noise which is larger than what we would consider ideal, but is not inconsistent with other
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data collected by the current MX-1 system. As upgrades to the MX-1 system are made,
the targets and methods described in this report are available to be used for additional
collections, and may be uniquely suited to assist in the assessment and characterization
of the improvements.
8.5 Future Collections
If this or a similar collection were to be completed again, there are three main issues
which will need to be addressed. First, the central flight line alignment would need to be
properly oriented. During our collection a test flight was run and assessed by DIRS staff
but was not viewed by any member of our team. In a future collect this test flight would
need to be flown at 30m flight altitude and the result would need to be scrutinized by the
collection principal in order to determine whether a central flight line realignment would
be necessary. Second, prior to arriving on site for the collection a layout should be agreed
upon, and on the day of the collection targets should be placed following a layout key
such as the one shown in Figure 4.4. The issue is not so much the placement which was
chosen on the day of the original collection, but that some of the randomly placed targets
were difficult to locate in the low-resolution imagery. Though the grid system and high-
resolution imagery proved helped to identify those target locations, it is recommended
that one avoids ambiguity and has a layout predetermined. Third, though our three sizes
of targets proved ideal for having both fully resolvable and sub-pixel targets as intended,
in the low resolution HSI a majority of targets are sub-pixel, owing to the ratio of target
sizes chosen. If this collection were to be completed again, it may be of benefit to discuss
adding new sizes of targets.
Chapter 9
Conclusion
Because of the efforts discussed above, there now exists a multiresolution hyperspectral
dataset complete with high resolution RGB data which was principally designed to assist
in the testing of hyperspectral panchromatic sharpening algorithms. RGB data and three
sets of hyperspectral imagery, with GSD’s of 1.88cm, 3.76cm, and 7.51cm are each focused
upon the same target scene containing 48 square felt targets. The scene layout and target
set are both highly documented and are presented with complete spectral characterization
and ground truth information. This new dataset fills a gap in the available hyperspectral
data catalogue, which will allow researchers at RIT to avoid use of Wald’s protocol, which
requires simulating multiple resolutions of hyperspectral data when testing algorithm per-
formance. In addition to the benefit provided to hyperspectral panchromatic sharpening
researchers, there is hope that this dataset can also be used in numerous settings and
for various applications as test data, and a few minor examples have been shown. It is
important to note that successes achieved through the creation of this dataset did not
come without issues and problems, which have been documented throughout, and should
be addressed should similar collections be planned in the future. Overall, the collection
and creation of this new multi-resolution hyperspectral dataset, the first of its kind, can
be labeled a success.
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